Acute rheumatic fever (ARF), a sequelae of group A Streptococcus (GAS) infection, is the most common cause of preventable childhood heart disease worldwide. The molecular basis of ARF and the subsequent rheumatic heart disease are poorly understood. Serotype M18 GAS strains have been associated for decades with ARF outbreaks in the U.S. As a first step toward gaining new insight into ARF pathogenesis, we sequenced the genome of strain MGAS8232, a serotype M18 organism isolated from a patient with ARF. The genome is a circular chromosome of 1,895,017 bp, and it shares 1.7 Mb of closely related genetic material with strain SF370 (a sequenced serotype M1 strain). Strain MGAS8232 has 178 ORFs absent in SF370. Phages, phage-like elements, and insertion sequences are the major sources of variation between the genomes. The genomes of strain MGAS8232 and SF370 encode many of the same proven or putative virulence factors. Importantly, strain MGAS8232 has genes encoding many additional secreted proteins involved in human-GAS interactions, including streptococcal pyrogenic exotoxin A (scarlet fever toxin) and two uncharacterized pyrogenic exotoxin homologues, all phage-associated. DNA microarray analysis of 36 serotype M18 strains from diverse localities showed that most regions of variation were phages or phage-like elements. Two epidemics of ARF occurring 12 years apart in Salt Lake City, UT, were caused by serotype M18 strains that were genetically identical, or nearly so. Our analysis provides a critical foundation for accelerated research into ARF pathogenesis and a molecular framework to study the plasticity of GAS genomes.
fragments and comparison of predicted to observed SmaI restriction fragments.
ORFs Ն99 bp were identified with GLIMMER2 (10) (www. tigr.org). The model training set consisted of Ն500-bp ORFs from GAS strain SF370 obtained from the WIT2 analysis (www.genome.ou.edu͞strep.html). ORFs were identified with BLASTP [BLAST2.0.11 (11) ; maximum E ϭ 10
Ϫ6
]. Secretion signals were identified with SIGNALP (www.cbs.dtu.dk͞services͞ SignalP-2.0), cell wall-attachment motifs (12) were identified with WORD98 (13) , and transmembrane domains were identified with DNASTAR (Lasergene, Madison, WI) and assigned to functional categories based on cluster of orthologous gene analysis (14) . Alignments between M18 and M1 ORF sequences (BLASTN; maximum E ϭ 10
; Ն75% ORF coverage) were done to identify ORFs shared between the M18 and M1 genomes.
Serotype M18 GAS Strains and DNA Microarray Analysis. Serotype M18 GAS strains associated with several ARF outbreaks were used for DNA microarray analysis ( Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). Strains identified as ''ARF-associated'' or ''RF'' were collected from patients with ARF, and strains from Texas and Utah identified as pharyngeal were collected from patients with pharyngitis during ARF outbreaks (Table 2 ). Additional serotype M18 strains from invasive infections and asymptomatic carriers were also analyzed. Growth of isolates and purification of chromosomal DNA were done as described elsewhere (15) . Contaminating RNA was removed by RNase digestion, mild alkaline hydrolysis, and filtration with Multiscreen-PCR plates (Millipore).
The DNA microarray consisted of PCR products representing 1,705 ORFs in GAS strain SF370 (7, 16) and was supplemented with PCR products representing M18-specific ORFs and small ORFs shared by SF370 and MGAS8232 ORFs identified in this study. PCR products ranged in size from 100 to 500 bp. Polyamine-coated slides (Corning) were spotted in quadruplicate with a Chipwriter Robotic Arrayer (Virtek, Waterloo, ON, Canada). DNA was crosslinked with UV light and blocked (17) . DNA microarray hybridization of each test strain vs. control strain MGAS8232 was done in triplicate. Chromosomal DNA from each test strain and strain MGAS8232 was digested with RsaI for 3 h. Postdigest purification, direct incorporation of Cy3-and Cy5-labeled dCTP (NEN), and hybridization were performed as described (18) except that HybSolution3 (Ambion, Austin, TX) was used. Hybridization was detected with a ScanArray 5000 instrument (Packard). During scanning, fluorescence intensity between channels was normalized to a serial dilution of MGAS8232 chromosomal DNA by adjusting laser power and͞or photomultiplier gain. Images were analyzed with QUANTARRAY (Packard). For each slide, spot intensities were adjusted for background and normalized to the median intensity of the slide. The median ratio of normalized test strain fluorescence to normalized control strain (MGAS8232) fluorescence (n ϭ 12 spots) was used to identify gene differences. Genes were considered lacking or highly variable in the test vs. control strain below a 0.7 test͞control ratio and considered present in greater copy number in the test vs. control strain above a 1.5 test͞control ratio. Genes were considered to be different when 10 of 12 spots exceeded the threshold ratio. These threshold values are conservative metrics based on cross hybridization of related genes. In the aggregate, ORFs exceeding these threshold ratios were considered ''gene differences.'' Gene differences for each ORF in each strain were plotted in a three-color scheme with EXCEL98 (Microsoft). In a hybridization of MGAS8232-MGAS8232 DNA, these analysis parameters produced a type-1 error rate for the microarray that was less than 0.0005. Phage Nomenclature. Two nomenclatures have been used in reference to the 4 phages and phage-like elements present in the genome of strain SF370. The strain SF370 genome sequence deposited in GenBank (accession no. AE004092) refers to these elements as 370.1, 370.3, 370.2, and 370.4 in clockwise order around the chromosome. This nomenclature is at variance with information presented in refs. 7 and 19, which refer to these 4 elements as 370.1, 370.2, 370.3, and 370.4. We will use the nomenclature used in refs. 7 and 19.
Results

Overview of the Genome of Strain MGAS8232 and Comparison with
the Genome of GAS Strain SF370 (Serotype M1). The genome of strain MGAS8232 is a single, circular chromosome of 1,895,017 bp ( Fig. 1) containing 1,889 ORFs. The G ϩ C content is 38.6%, a value virtually identical to the genome of GAS strain SF370 (38.5%). The genomes of strains MGAS8232 and SF370 each have six ribosomal RNA operons (rrn) and share 1,532 of 1,696 ORFs originally identified in strain SF370 and 179 small ORFs identified in this study (Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). The nucleotide sequence identity between the 1,532 shared genes ranged from 83 to 100%. Each strain has many unique genes. Strain MGAS8232 has 178 unique ORFs compared with strain SF370 (Table 3 , which is published as supporting information on the PNAS web site, www.pnas.org), and strain SF370 has 112 unique ORFs compared with strain MGAS8232 (Table 4 , which is published as supporting information on the PNAS web site, www.pnas.org). BLASTP analysis of the unique ORFs of each strain with the current protein database from the human genome project matched regions of many GAS proteins with human proteins (Tables 3 and 4) . Comparison of the genomes of MGAS8232 and SF370 with CROSSMATCH and MUMMER (20) found that 1.7 Mb of chromosome is shared between these organisms (Fig. 2) . There are 24 regions of difference between the genomes that are greater than 2,000 bp in size. Five of these areas represent insertion of lysogenic prophage or phage-related elements, and three large regions of variation represent sequence divergence of a phage region that is shared by the two strains. The additional 16 regions of difference are 2-15-kb islands of DNA that are unique to the individual genomes, are in different locations in the genomes, or are highly variable regions of DNA sequence. In addition, the two genomes differ by 7,161 single nucleotide polymorphisms, 2,650 small regions of variation (Ͻ2,000 bp), and 271 small sequence insertion͞deletions (Ͻ2,000 bp) as identified with MUMMER (Table 1) .
Mobile Genetic Elements in the Genome of Strain MGAS8232. There are many apparently mobile genetic elements (e.g., phages and insertion elements) located in the genome of strain MGAS8232 (Fig. 1) . Strains MGAS8232 and SF370 share homologues of TnpA, IS861, and ORFs with similarity to transposases from other Gram-positive cocci (e.g., SpyM180534, SpyM181318, and SpyM181393). Variants of insertion sequence IS1239 (21) are present in the genome of strain MGAS8232 but not the genome of strain SF370. Strain MGAS8232 has 11 copies of an intact IS1239 transposase gene and 4 copies of IS1239 transposase variants (Fig. 1 ). These transposase variants had either a 72-bp in-frame deletion at position 762 of the transposase gene (three copies) or a deletion of 600 nucleotides at the 3Ј terminus (one copy). IS1239 and the IS1239-like elements do not disrupt ORFs but they are frequently located upstream of ORFs in putative regulatory sequences (Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org). Among the ORFs that are in the same orientation as their upstream IS1239 elements, two have putative functions [thiophene degradation protein (thdF) and dipeptidase (pepQ)]. It is unknown whether expression of these genes or the other ORFs encoding hypothetical proteins is influenced by the IS1239 elements.
The genome of strain MGAS8232 has a 13.8-kb island of DNA that is absent from the strain SF370 genome. Insertion sequence IS1562, located in the Mga regulon in the genome of strain SF370 and other serotype M1 GAS strains (22) , is located between spyM180535 and spyM180537 in the genome of strain MGAS8232. The IS1562 transposase gene in MGAS8232 seems to have inserted in a transposase of another insertion sequence and forms the center of this 13.8-kb island. The remainder of the island is composed of ORFs that are genes and pseudogenes homologous to ABC transporter and two-component regulatory system genes (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org). Proteins encoded by spyM18543, spyM18542, and spyM18541 have homology to ABC transporters of Streptococcus pneumoniae. SpyM18542 and SpyM18541 have homology to the N-terminal 162-aa residues and C-terminal 248-aa residues of the S. pneumoniae bacteriocin-like protein transporter, BlpB (23) . An ORF downstream of spyM18541 is predicted to encode a 41-aa residue peptide that has a GlyGly cleavage site common to peptides processed and transported by ABC transporter systems (24) . The predicted mature 17-aa peptide has an acidic residue at position ϩ1, and the Cterminal residues RKK are similar to streptococcal competence pheromones, including CSP2 in S. pneumoniae and ComC in Streptococcus oralis (25, 26) . In addition, SpyM180538 and SpyM180539, a two-component regulatory system, are encoded by the reverse strand, downstream from this ABC transporter system (Fig. 6 ). SpyM180538 and SpyM180539 have homology to a peptide-inducible response regulator and histidine kinase in S. pneumoniae [51%͞72% and 34%͞57% (identity͞similarity), respectively] and seem to be a classical two-component regulatory system.
Five regions of the strain MGAS8232 genome are composed of phages or phage-like elements, each approximately 34-47 kb in length (Fig. 1) . Each element has a copy of a described hyaluronidase gene, hylP (27, 28) . The sequences of two phage regions (⌽ speC and ⌽ 370.3-like ) are similar to 370.1 and 370.3, respectively (phage regions in the strain SF370 genome), and they are inserted in the same location in each genome. The three phage regions unique to the genome of strain MGAS8232 are inserted between the murC and snf genes (⌽ speA ); in the tmRNA coding region between spy1289 and spy1290, hypothetical genes (⌽ speL/M ); and between spy1736 and spy1737, encoding xanthine͞uracil permease and conserved hypothetical protein homologues, respectively (⌽ sda ). The genome of strain MGAS8232 lacks phage regions present in the genome of strain SF370 areas designated 370.2 and 370.4, although some sequence of 370.2 is similar to sequence in ⌽ SpeL͞M (Fig. 2) . Four phage regions present in strain MGAS8232 (⌽ speA , ⌽ speC , ⌽ sda , and ⌽ 370.3-like ) have genes encoding characterized phage-associated proven and putative virulence factors, including SpeA, SpeC, MF2, Sda, and MF3 (7, 29) . In addition, the T12-like phage region (⌽ speL/M ) is inserted at the predicted T12 att site (30) , lacks a speA gene, and has two contiguous ORFs (designated speL and speM) encoding inferred newly identified superantigens (Fig. 4) .
Genes Encoding Proven and Putative Virulence Factors Present in the
Genome of Strain MGAS8232. Many proven and putative virulence factors are encoded by the genome of strain MGAS8232, including a potent cysteine protease (SpeB), streptolysin O (SLO), streptokinase (Ska), and two streptococcal collagenlike proteins (Scl1 and Scl2). Genes encoding streptodornase (Sda), streptococcal protective antigen (Spa), and streptococcal pyrogenic exotoxin A (SpeA1 variant) are present in strain MGAS8232 but not strain SF370 (Table 3) . Genes encoding collagen-binding protein (Cpa), LepA, and protein F2 (PrtF2) homologues are located near the negative regulator of virulence factors locus (nra) in strain MGAS8232. Several ORFs in this region (e.g., cpa and lepA) are highly variable between strains MGAS8232 and SF370 (Tables 3 and 4 ). The streptolysin S (sag) and hyaluronic acid capsule synthase (has) operons are also present in the genome of strain MGAS8232. The two strains share 21 genes predicted to encode extracellular proteins that are anchored to the cell surface by LPXTG and related motifs (12) . In addition, secretion signal and cell wall-binding motif (LPXTG and related motifs) analyses predict that a cell surface-anchored amidase (SpyM182055) and a conserved hypothetic protein (SpyM180130) are encoded by MGAS8232 but not SF370. SIGNALP analysis and KyteDoolittle hydrophilicity plot analysis (DNAstar) predict that the genome of strain MGAS8232 encodes eight freely diffusible extracellular proteins and one membrane-anchored extracellular protein not encoded by SF370 (Table 3) . Given the importance of many characterized extracellular products in GAS pathogenesis (5), these proteins may contribute to hostpathogen interactions as well.
Expression of many GAS virulence factors is controlled by two-component regulatory systems and transcription factors (e.g., Mga, CovR-CovS, Rgg, Nra, and SagA). The genomes of strains MGAS8232 and SF370 share 11 two-component regulatory systems and more than 36 transcription factors. ORFs encoding two additional putative histidine kinases (SpyM180538 and SpyM181569) are present in the genome of strain MGAS8232. SpyM180538 has homology to a peptideinducible histidine kinase in S. pneumoniae, and SpyM181569 is encoded by an ORF that has 91% sequence identity with a pseudogene in strain SF370. The pseudogene contains a frame-shift mutation and is located downstream of spy1556. SpyM181569 completes an uncharacterized two-component regulatory system with SpyM181570 in strain MGAS8232 (Spy1556 in SF370). The transcription regulators RofA and Mga are present in regions of chromosomal plasticity among GAS strains of diverse M protein serotype (31, 32) . The gene encoding Nra (originally described in serotype M49 GAS) is present in the genome of strain MGAS8232 at the location where RofA is located in the genome of strain SF370, in agreement with Podbielski et al. (31) . However, the nra gene in strain MGAS8232 (and 12 of 12 additional M18 strains studied) has a single nucleotide change that creates a stop codon and results in truncation of Nra. The molecular architecture of the mga regulon in strain MGAS8232 is similar to the gene arrangement present in several serum opacity factornegative strains (32) .
Microarray Analysis of Serotype M18 Strains Associated with ARF.
The availability of a chromosome sequence for a serotype M18 strain permits genome-scale analysis of the molecular population genetics of strains expressing this M protein type. To assess the nature and extent of genome variation among serotype M18 strains and gain additional insight into the molecular population genetics of ARF outbreaks, we conducted DNA microarray analysis of 36 M18 strains cultured from diverse localities. Few gene differences were detected among strains, and the overall greatest difference between a test strain (62654-134) and MGAS8232 was 3.0% of genes. ORFs with a difference between at least one test strain and MGAS8232 were plotted in MGAS8232 genomic order (Fig. 3) . Phages and phage-like elements were the primary source of variation in gene content among strains. Indeed, of the regions of difference detected in the comparison between strains MGAS8232 and SF370, only phage regions varied among the M18 strains. Variation in phage regions among the M18 strains ranged from the absence of an entire phage region (MGAS1585) to minor differences in the gene composition of the regions.
Both temporal and geographic patterns in phage-related genes emerged from the microarray analysis. Twenty-four of the 36 strains had the same or similar (Ͻ10 gene differences in the genome) phage gene content as strain MGAS8232. All of these strains were collected since 1963 and include an ARF strain and all analyzed pharyngeal isolates collected from Salt Lake City, UT, during both recent ARF outbreaks (Fig. 3) . In addition, ARF strains collected from Ohio and Colorado, invasive isolates from Nebraska and Washington, and pharyngeal isolates collected during an ARF event at Lackland Air Force Base, San Antonio, TX (Fig. 3) , had virtually identical phage gene patterns observed in the Utah strains. Strains with substantially different phage-gene patterns were collected before 1963, during outbreaks of invasive disease in Texas and Illinois, or from an asymptomatic Air Force recruit. Thus, it is clear from these microarray data that horizontal gene transfer events involving phage-related genes are important sources of genomic diversity among serotype M18 strains.
Discussion
Comparison of the Genomes of Strains MGAS8232 and SF370. The genomes of strains MGAS8232 and SF370 have a colinear 1.7-Mb backbone of DNA interspersed with large insertions and deletions but no major rearrangements. Both genomes contain genes necessary for vegetative growth, including genes required for replication, protein synthesis, metabolic processes, and nutrient uptake. The genome of MGAS8232, like SF370, lacks tricarboxylic acid cycle and electron transport genes, and both organisms have few amino acid biosynthetic genes. As with the specialized genomes of obligate parasites and symbionts (33) (34) (35) , the loss of biosynthetic genes and accumulation of scavenging systems may also ref lect the human specialization of GAS.
Sources of MGAS8232 Genomic Diversity. Phages and phage-related sequences are the primary sources of diversity in gene content between strains SF370 and MGAS8232 and among the 36 serotype M18 strains analyzed. Seven distinct phage regions and phage-like elements present in strains SF370 and MGAS8232 encode 10 proven or putative GAS toxins and virulence factors (SpeA, SpeC, SpeH, SpeI, SpeL, SpeM, MF2, MF3, Sda, and HylP). Variation in the phage gene content among GAS genomes and allelic variation in phage-encoded genes (e.g., speA and hylP) suggest that phages are important contributors to differences in GAS virulence (2) . The variation in content of phage genes among serotype M18 strains collected at different times and in distinct localities throughout the U.S. demonstrates the complexity and plasticity of lysogenic phages in GAS and indicates that horizontal gene transfer events have contributed extensively to shaping genetic variation among strains of this serotype.
Insertion sequences are common features of bacterial genomes that can alter genotype and phenotype by mediating recombination events such as insertions and deletions and inf luencing transcription of linked genes. IS1239 is in multiple copies in the genome of strain MGAS8232 and all serotype M18 strains studied by DNA microarray. Kapur et al. (21) reported that IS1239 is present in 26 of 78 strains representing a variety of M serotypes. IS1239 is not present in the genome of the sequenced M1 strain but is present upstream of the gene (ssa) encoding streptococcal superantigen in an M15 strain (36) , and the has operon in strain Vaughn (37) , but the element is not present at these sites in strain MGAS8232. It is not known whether IS1239 inf luences gene expression or gene mobility in strain MGAS8232 or other GAS. However, we note that insertion elements are known to alter expression of genes in many bacteria (38) and may form composite transposons in ␤-hemolytic Gram-positive bacteria as suggested by Franken et al. (39) .
Microarray Analysis of Serotype M18 Strains Associated with Acute
Rheumatic Fever. The focus of our DNA microarray study was the genetic diversity within a rheumatogenic serotype of GAS. Overall, the 36 serotype M18 strains analyzed had little or no variation in gene content. These results are in contrast to data reported for microarray analysis of Staphylococcus aureus (18) and Helicobacter pylori (40) in studies that analyzed random strains. The microarray data clearly indicate that M18 strains recovered during two ARF outbreaks in Salt Lake City, occurring 12 years apart, were genetically identical or nearly so. These results suggest that the increase of ARF cases in 1998-99 was associated with a resurgence of an M18 clone common in 1986-87 in the same area. This hypothesis is supported by comparative sequencing of genes in 500 serotype M18 pharyngeal isolates collected in Salt Lake City during the two ARF outbreaks (41) . Indeed, the lack of variation in gene content among the M18 strains collected in the west-central U.S. between 1985 and 1998 suggests that these closely related organisms were the dominant serotype M18 strains in this geographic area. We cannot exclude the possibility that variation exists in genes not present in the MGAS8232 and SF370 genomes, and therefore not represented on the microarray. However, the consistent presence of phage-related genes among these strains suggests that undetected variation is unlikely to be mediated by phages.
Concluding Comment
This study provides an expanded understanding of GAS genetics and biology, and the results have relevance to studies of host-pathogen interactions. Coupled with classic genetic methods and newly formulated experimental approaches, the availability of genomic data creates extensive opportunities for research designed to gain new insight into the molecular pathogenesis of GAS infections, including ARF and rheumatic heart disease. Discovery of new putative virulence determinants and analysis of their distribution among M18 GAS strains provide a more complete view of the molecular armament present in members of this species. Importantly, our research shows that two distinct epidemics of ARF in Salt Lake City were caused by the same clone of GAS as assessed by the apparent identity in gene content. The sequenced M1 and M18 GAS genomes provide insight into the genetic elements responsible for diversity in the species, and thus assist development of new therapeutic and surveillance methods. Completion of genome sequences for additional GAS strains that have biomedically relevant correlates will permit identification of the metagenome and provide an expanded framework for GAS pathogenesis research.
We are indebted to L. Actis, Y. Liu, J. Slagel, and R. Cole for assistance and helpful discussions. This article is dedicated to Dr. Richard M. Krause for 50 years of contributions to GAS research. Fig. 3 . Subset of 223 strain-specific ORFs identified by DNA microarray analysis of 36 serotype M18 strains of GAS. All ORFs had a test͞control ratio that either was below the threshold value of 0.7 (yellow) or above the threshold of 1.5 (blue) in at least 1 of 36 strains (black, ORFs with test͞control values between the threshold ratios). ORFs are sorted in MGAS8232 genomic order (clockwise from oriC). Strains are numbered 1-36 as they are listed in Table 2 . Phage-associated ORFs are identified with a black vertical bar at the phage region. Other ORFs that showed a ''gene difference'' represent potential transposase genes, transcription regulators, carbohydrate and metal transport genes, and hypothetical genes. MGAS, Musser group A Streptococcus strain number; LC, Lancefield collection; RF, rheumatic fever; NCTC, National Collection of Type Cultures; TSLS, toxic-shocklike syndrome; NP, nasopharyngeal; ET, electrophoretic type; UAB, University of Alabama strain collection; ARF, acute rheumatic fever. *Collection years 1940s and 1980s indicate that strains were from a larger collection obtained during that time period. Isolates were collected from May, 1998 through September, 1999. † Clinical diagnosis is provided when known. NP strains were taken from patients with pharyngitis except for strains isolated from asymptomatic U.S. Air Force recruits enrolled in a bacterial carriage study. All strains from Utah were collected during ARF outbreaks. Virtually all M18 strains studied were multilocus enzyme electrophoresis type ET-20. 
